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ABSTRACT
!is research investigated some of the mechanical fatigue associated with the use 
of a rotary pump as a left ventricular assist device, LVAD, for long term therapy 
(>20 years).  In this magnetically levitated axial pump, we identified one feature 
most susceptible to mechanical stress and fatigue. !e thin-sectioned inducer 
blade is made of titanium and is the first point of contact between the housing and 
impeller should the levitation system momentarily lose control. !e inducer blade 
is also long and thin and will experience both normal and bending loads when 
contacted by the impeller. !e incidence of contact and relative speed between the 
pump impeller and the inducer blades were modeled for a variety of lifetime “G” 
force producing activities (e.g. walking, running).  !e normal and shear forces 
resulting from the contact of the spinning impeller and the stationary inducer 
blades are not obvious or easily modeled, so an experimental test rig was 
developed to model the impeller touchdown and empirically determine the force 
at contact.  Using the data collected from the test rig, fatigue analysis was 
performed to determine the pump life and mode of failure; whether the pump 
would fail due to cracking and fracture of the blades or have infinite life.  Infinite 
life was defined as ~10 million cycles, which corresponds to one contact per 
minute for twenty years.  !e finite element analysis shows the inducer blade 
surviving all testing with a factor of safety greater than one.  !e result of this 
preliminary study shows that thin sectioned features are viable as touchdown 
surfaces within an LVAD intended for destination therapy.
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Introduction 
Background
A left ventricular assist device, LVAD, is a medical device designed to work along with the human heart 
(Figure 1).  In the past the LVAD has been used as a bridge to transplant, a mere aid until a suitable 
donor heart is available, but recent research has been aimed at developing LVADs as a destination 
therapy, a permanent solution to an ailing heart.
Figure 1: Illustration of implanted LVAD1
While many pumps developed in the past, are estimated to function for about 100 days2 the 
development process of a pump that will last 20 years (~7300 days) poses many new challenges. !e 
long term effects of wear, fatigue, and fracture have not been of concern with a short term bridge to 
transplant LVAD, but will become of concern in the long term destination therapy LVADs.  Fatigue is 
the most common form of mechanical failure accounting for 31% of all failures when looking at a 
variety of industries (e.g. aerospace, automotive, construction, etc.).   It is more common than 
corrosion, wear, and ductile and brittle fractures (Figure 2)3 and will therefore be the focus of this 
work.  !e following experiments and simulations were designed to provide insight into the influence 
fatigue could have in a magnetically levitated axial LVAD due to the thin features within the pump and 
the cyclic stresses applied to them over extended periods of time. 
8
1 Imperial College London School of Medicine. 2007. Imperial College. 15 May 2007 < 
http://www1.imperial.ac.uk/medicine/news/p60211/>.
2 Kukuy, El., MC Oz, Y. Naka. “Chapter 62 Long-Term Mechanical Circulatory Support.” Car-
diac Surgery in the Adult. New York: McGraw-Hill, 2003.
3 Darlington, J.F., J.D. Booker. “Development of a design technique for the identification of 
fatigue initiating features.” Engineering Failure Analysis 13 (2006): 1134-52
Figure 2: Most Common Failure Modes Perceived by Engineers3
!e specific magnetically levitated pump this study is designed around has several thin features, as do 
many LVADs.  !e front inducer blades and the rear diffuser blades are two of the thin features which 
will be subjected to compressive and bending loads in the event of and impeller contact (Figure 3). !e 
inducer blades are the thinner of the two features and therefore identified as the more susceptible 
feature to fatigue and the focus of this study. 
Figure 3: Cross-Section of Magnetically Levitated Axial LVAD
Literature Review
!e relevant literature can be divided into categories to address various aspects of this research.  
Related categories are: Mechanical Fatigue and Failure of Pumps, Biomechanics, Biomechanics-
Viscoelasticity, and Fatigue of Titanium Alloys.
!e Mechanical Fatigue and Failure of Pumps literature provides research on mechanical failure and 
why it is important to look for fatigue within any mechanical device.  !is section also shows previous 
failure research done with LVADs and contains a paper on the effects of shock and vibration on 
pumps, which provided insight into the test rig necessary for this thesis research.
!e section titled Biomechanics focuses on calculations of the center of gravity of the human body.  
!is section was included to support the assumption that the LVAD is placed near the center of 
gravity within a patient.
9
Although not the focal point of my thesis research, the viscoelasticity of internal organs will be 
important because how the surrounding organs support and cushion, or don’t cushion the LVAD will 
affect the final forces felt by the inducer blades.  Using the assumption that the viscoelasticity will be 
ignored or negligible needs to be supported by previous data.  !e viscoelasticity of organs will affect 
the actual forces felt by the heart pump and may validate the collected acceleration data for task 1.
!e final section of the literature review pertains to the fatigue of titanium alloys.   !e LVAD will be 
constructed of a titanium alloy, therefore past work done with the material was used to examine how 
the material had suffered from fatigue in past experiments and what effect that fatigue had on the 
material structure.
Mechanical Fatigue and Failure of Pumps
Darlington and Booker (2006)3 describes efforts taken towards producing a technique that will fit into 
the Design for ‘X’ portfolio (Design for Manufacture, Design for Assembly, and Design for Quality are 
already techniques within the Design for ‘X’ portfolio).  Concept Design for Fatigue Resistance would 
give engineers the ability to predict fatigue-initiating features within a project before the prototyping 
phase.  !is article is of interest because it demonstrates the importance of fatigue testing and analysis, 
stating that fatigue is the highest occurring failure mode. With fatigue being the cause of approximately 
31% of all failures this will be of concern when a life expectancy of twenty years is necessary. 
!is article is based on two different studies. !e first study looks at industry in the UK and their 
technique of designing for fatigue, the study showed that companies do not think about fatigue until 
later design stages.  Bringing fatigue into early design stages would be cost effective as well as time 
effective.  !e second study began a cataloguing system with a total of 120 fatigue failure cases being 
included.  !ese studies look at small sample sizes, which may skew the overall picture of fatigue 
analysis, but still show that there is a problem with the effectiveness of current fatigue analysis within 
those samples.
Overall, the exploration of prevention of fatigue and the ability to recognize fatigue before it occurs 
make this paper relevant to my own research on designing to avoid fatigue in a realm where this has not 
yet become a concern but is likely to have a great impact.
Patel et al. (2005)4 makes recommendations on failure and reliability testing of mechanical heart 
pumps provided by such reputable organizations as the National Institute of Health, Society of 
!oracic Surgeons, American National Standards Institute, and the Association for Advancement of 
Medical Instrumentation.  !is paper directly relates to my thesis topic of fatigue in an artificial heart 
10
4 Patel, Sonna M., et al. “Methods of Failure and Reliability Assessment for Mechanical Heart 
Pumps.” Artificial Organs 29 (2005): 15-25.
pump, although it investigates both intrinsic and extrinsic failures, while my research focuses only on 
intrinsic occurrences.
Knowing details of previous research into the analysis of artificial heart pumps with regard to failure 
helped shape my thesis experiments.  Although this article never specifically looks at fatigue as an 
option for failure, it cites changes in pump function as a main cause of intrinsic failure, which could 
have been caused by fatigue.  !e article also explores testing for component failure and mentions that 
these tests for failure can provide insight into pump design and manufacturing technique. 
Siegenthaler et al. (2006)5 looked at the failure of the Jarvik 2000 Heart.  !e test method was to place 
the implant into 102 patients and run the pump until either the patient received a transplant, the 
implant failed and was replaced, or the patient died.  !e article looks at varying reasons for pump 
failure and where the failures occurred.
Each pump failure was observed and classified as a damaged external device component, an LVAD 
malfunction, an LVAD system failure.  If failure did not occur during internal testing the pump was 
further run on a bench setup until a failure did occurred.  Failures occurred after an average of 212 
days, significantly less than the 20 year test time of the current study,  and all failures were due to 
external components; no internal component failures were recorded.  
As the life of  the external components, such as the battery packs and cables,  is increased to last the 
required 20 years, internal pump issues  such as  fatigue may arise.   With these advances  in external  
components longer pump deployment  times and damage  on long-term  failures will become available.
Similar to Patel et al. (2005) this article is not specific on why the device failed or how to prevent the 
failure again, but rather says where the failure occurred and what was done at the time to correct the 
failure.
Bernhardt, Madler, and Ganschow (1993)6 perform an experiment similar to the experimental design 
of this thesis. !e test setup is a turbopump mounted to an aluminum plate connected to another fixed 
aluminum plate by springs. A hammer is used to apply vibration to the setup, and the vibration is 
measured with an acceleration sensor and an oscilloscope.  
Looking for contact between the impeller and inducer blades of the heart pump is similar to how this 
article looked for contact between the rotor and stator of the turbopump. For the turbopump low 
11
5 Siegenthaler, Michael P., M.D.,  et al. “Mechanical Reliability of the Jarvik 2000 Heart.” !e 
Society of !oracic Surgeons 81 (2006): 1752-59.
6 Bernhard, K-H, M. Madler, O. Ganschow. “Influence of Shock and Vibration on a Magneti-
cally Levitated Pump.” , K-H, M. Madler, O. Ganschow. “Influence of Shock and Vibration on 
a Magnetically Levitated Pump.” Vacuum 44 (1993): 721-23.
vibration frequencies, external vibrations greater than 30 Hz, and angular movements of 30 s-1 will 
lead to rotor stator contact. !is study on LVADs will apply external forces to look for a similar type of 
contact. 
Biomechanics
Das and Ganguli (1981)7 presents the reaction board method to measure body mass and center of 
gravity.  !e reaction board method requires a subject to lie on a specially mounted board which reacts 
to the movement and position of the subject by rolling, scales are carefully mounted in different 
orientations on the board to measure the motion of the board and the subject on it. !e results 
obtained from this technique were compared to a previous study by Contini who assumed a constant 
density throughout the human body.  !e reaction board method does not make this assumption 
therefore providing more accurate results.  
!e location of the center of gravity of the body was investigated for this LVAD study to validate an 
assumption made during task 1.  !e assumption that the artificial heart pump will be placed at the 
body’s center of gravity was made to aid calculations for the acceleration of the pump during the 
various activities.  !is article shows that the body’s center of gravity is located near the navel; the 
artificial heart pump will be located in the abdomen of the patient just below the diaphragm (Figure 4).
Figure 4: Illustration of the center of gravity
12
7 Das, RN., Dr. S. Ganguli. “Mass and Centre of Gravity of Human Body and Body Segments.” 
Journal of the Institution of Engineers (India). Interdisciplinary & General Engineering 62 (1981): 
67-72.
Albery, Schultz, and Bjorn (1998)8  included female body stature in their air force pilot center of 
gravity calculations.  !is was important to the authors to ensure safety to all pilots and is being 
applied to my research to reinforce the validity of the assumption that the artificial heart pump is 
placed at the body’s center of gravity.
!e study looked at the 95th percentile weight range defining eligible male and female pilots in the 
United States Air Force.  !e study was performed with subjects in the sitting position (as they would 
be orientated within an aircraft).  !rough the use of a moment table assembly the CG was found to be 
located about 25 cm above the axis located at the meeting point of the seat back and the seat pan.  
Bao’s (2003)20 research looked into computer recognition of various motions (e.g. standing, walking, 
running, etc).  !e data collected for such a study involved accelerations at various locations on the 
human body (e.g. leg, hip, arm, etc).  Accelerometers were placed on the body of many subjects and 
recorded the accelerations during the activities suggested (standing, walking, running, etc).  !e data is 
then plotted as a time series of acceleration vs. time.  Bao collected this acceleration data to train a 
computer to understand what action a user was performing.  !is technology has possible uses in 
virtual reality, gaming, and medical and fitness imaging.
!is data is useful to my research to assist in finding the forces in the heart pump at the moment of 
impact between the impeller and inducer blade. With the accelerations provided, velocities can be 
calculated, and forces can be found to correlate with Bao’s users’ activities.
Biomechanics - Viscoelasticity
Several techniques have been used to determine the mechanical behavior of internal organs starting 
with finite element analysis and expanding to deformable organ modeling with multi layer particle 
systems. Amrani (2000)9 introduces the technique of using computed tomography, CT, scans to create 
a volume boundary and then filling the boundary with particles, to model organs. !e title of the paper 
includes the phrase, Multi Layer, this comes from particles of different sizes being applied to different 
areas of the modeled organ: important features are modeled with small particles and less important 
features with large particles, giving precision where precision is needed.  Although this paper focuses on 
modeling the bladder and rectum, which are not located near the heart pump within the patient, it 
shows the behavior of these organs.  Modeling with a multi layer particle system gives the result the 
13
8 Albery, Christopher B., Capt. Rebecca B. Schultz, Valerie S. Bjorn. “Measurement of Whole-
Body Human Centers of Gravity and Moments of Inertia.” SAFE Journal 28 (1998): 78-88.
9 Amari, Morade, Behzad Shariat Ligim. “Deformable Organs Modeling with Multi Layer Par-
ticle Systems.” Proceedings: IEEE International Conference on Information Visualization (2000): 351-
356.
bladder enlarges up to 200% while the prostate has little displacement, showing the variation in 
viscoelasticity of internal organs.
Nava et al. (2003)10 used a very different process than Amrani. Nava has a small tube that is applied to 
an organ, the tube then applies a vacuum to the organ, the movement of the organ is recorded along 
with the amount of vacuum applied. From this data mechanical properties of the organs can be 
derived.  From this technique it is determined that a healthy liver is a stiffer organ than both a diseased 
liver and the kidney.  
!e following is an article written by a similar group of researchers as the past article, Nava et al. 
Evaluations of the Mechanical Properties of the Human Liver and Kidney through Aspiration 
Experiments11 is very similar to Determination of the Mechanical Properties of Soft Human Tissues 
through Aspiration Experiments but goes into more detail about the aspiration technique and also 
tests the repeatability of the experiment, proving that you can indeed tell the difference between a 
healthy liver, a diseased liver, and a kidney through use of aspiration.  !is paper has the same 
conclusions as the previously discussed paper, a healthy liver has a higher relaxation modulus, E(t), 
than both the diseased liver and kidney.
Another area of study was the human intestine.  France et al. (2005)12 uses a layered model to animate 
the intestine.  !e intestine is unlike previously discussed organs such as the liver and kidney in that it 
does not resume its shape after deformation.  Although this paper goes through several modeling 
techniques no numerical conclusion is drawn from the tests, the only conclusion is that the intestine is 
a very deformable object.  Depending on the exact location of the heart pump these results may effect 
the assumption that viscoelasticity is negligible. 
One final article on the subject of organ viscoelasticity is Hieber, Walther, and Koumutskakos (2004)
13.  !is paper is similar to the previous papers that discussed the kidney and liver; using a similar 
14
10 Nava, Alessandro, et al. “Determination of the Mechanical Properties of Soft Human Tis-
sues through Aspiration Experiments.” Medical Image Computing and Computer-Assisted Interven-
tion (2003): 222-29.
11 Nava, Alessandro, et al. “Evaluation of the Mechanical Properties of Human Liver and 
Kidney through Aspiration Experiments” Technology and Health Care 12 (2004): 269-80.
12 France, L., et al. “A Layered Model of a Virtual Human Intestine for Surgery Simulation.” 
Medical Image Analysis 9 (2005): 123-32.
13 Hieber, Simone E., Jens H. Walther, Petros Koumutsakos. “Remeshed Smoothed Particle 
Hydrodynamics Simulation of the Mechanical Behavior of Human Organs.” Technology and 
Health Care 12 (2004): 305-14.
method referred to as rSPH, remeshed smoother particle hydrodynamics.  !e end results are the same 
with the liver being a stiffer organ than the kidney. 
Fatigue of Titanium Alloys
!e following articles show the fatigue and fracture characteristics of the titanium alloy used in the 
heart pump.  !e articles focus on mixed-mode force loading similar to the forces of the impeller 
contacting the inducer blades. 
Murray et al. (1997)14 recognizes that occasional contact will be made within artificial heart pumps 
due to start up, shock loads, or other events.  !is article focuses on different material pairs for the best 
durability during these occasional rubbings.  !e experiments were performed using a pin-on-disk test 
rig.  !e recognition that shock loads will cause contact and the use of the test set up makes this article 
relate well to my thesis research.
Testing of blood lubricated journal bearings were performed to check for surface damage and debris.  
!e testing was all done within a pin-on-disk test rig, which consists of a disk located in a lubricant 
cup (in this case containing blood) and 3 pins located on a rotating spindle.  !e pins are rotated on the 
disk under a known applied force.  After performing the tests the specimens were examined under a 
microscope and topography mappings were done under an optical profiler. 
!e testing technique and post processing of the specimens are important to my thesis.  Learning 
about the pin-on-disk technique will give another avenue of exploration during the design phase of my 
experiments.  Being exposed to methods of evaluation such as topography mapping and using the 
microscope will help in evaluation of the artificial heart pump after experimentation.
Campbell and Ritchie (2000)15 focus on crack-tip shielding, which can affect stress intensity 
thresholds.  Tip-shielding is when multi-axial forces are applied to a component with one axis acting in 
tension which will force the crack open causing it to grow while other axes may force the crack to 
remain closed which will not allow growth, or grow at a reduced rate in comparison to if only the 
tensile force was present.  Previously, tip-shielding was difficult to quantify, however this article 
describes in detail techniques to quantify tip-shielding measurements.  !e conclusion is that crack-tip 
shielding increases as the mode of force application becomes more attributed to shear in a mixed-mode 
I, II, setting.
15
14 Murray, S. Frank, et al. “Selection and Evaluation of Blood- and Tribologically Compatible 
Journal Bearing Materials.” ASAIO Journal 43 (1997): M603-08.
15 Campbell, J.P., R.O. Ritchie. “Mixed-Mode, High-Cycle Fatigue-Crack Growth !resholds 
in Ti-6Al-4V II. Quantification of Crack-tip Shielding.” International Journal of Fatigue 67 
(2000): 229-49.
Nalla, Campbell, and Ritchie (2002)16 investigate mixed-mode loading of Ti-6Al-4V turbine blade 
alloy, the heart pump being developed will be made of the same titanium alloy, Ti-6Al-4V, and will be 
subjected to mixed-mode loading during times of contact between the impeller and inducer blades.  
Most current studies of fatigue thresholds have been performed in tension and on large cracks 
compared to the microscale of the test specimen.  Cracks this large may affect the heart pump, as they 
may not affect a turbine blade due to the difference in scale between the heart pump and a turbine.
!e behavior of crack growth within Ti-6Al-4V will be important to how the heart pump fatigues and 
may fracture.  !e microstructure of the material can highly influence micro cracks within a specimen.  
Micro cracks are found to have a lower stress intensity threshold (ΔKth=1-2 MPa*m1/2) compared to 
short cracks (ΔKth=3-4 MPa*m1/2) and long cracks (ΔKth=5-10 MPa*m1/2), which means that micro 
cracks are less likely to stop growth than larger cracks will.  Crack growth and formation on the thin 
inducer blades will need to be watched carefully; fracture will cause pump malfunction. 
Akahori and Niimoni17  show that fatigue strength and fatigue life are important characteristics of an 
implanted material.  Looking at Ti-6Al-4V, the titanium alloy being used for the heart pump, under 
cyclic loading conditions and evaluating the fracture characteristics of the material will benefit the 
doctor and patient with information on resistance and life.
!is experiment involved plates of Ti-6Al-4V and it was learned that the fatigue strength is about 
800MPa, maximum cyclic stresses for high and low cycle fatigue are about 850 and 1000MPa, 
respectively.  After fatigue strength, impact testing was performed.  Impact testing proved that low-
cycle fatigue causes a decrease in energy absorbed during later stages of fatigue, but high-cycle fatigue 
results in little change to the amount of energy absorbed by the specimen during impact testing.  
Namjoshi and Mall18 investigate fretting-fatigue and conclude it will result in decreased fatigue 
resistance. Fretting will create flaws in the material and lead to premature crack growth. Life prediction 
of the heart pump will be important for doctors and patients. An accurate prediction will stem from an 
accurate model.  Constant stress amplitude situations have been given much attention yet applying 
variable fatigue loadings may influence the accuracy of current fatigue life models. 
16
16 Nalla, R.K., J.P. Campbell, R.O. Ritchie. “Mixed-Mode, High-Cycle Fatigue-Crack Growth 
!resholds in Ti-6Al-4V: Role of Small Cracks.” International Journal of Fatigue 24 (2002): 1047-
62.
17 Akahori, Toshikazu, Mitsuo Niinomi. “Fracture Characteristics of Fatigued Ti-6Al-4V ELI 
as an Implant Material.” Materials Science and Engineering A 243 (1998): 237-43.
18 Namjoshi, S.A., S. Mall. “Fretting Behavior of Ti-6Al-4V Under Combined High Cycle and 
Low Cycle Fatigue Loading.” International Journal of Fatigue 23 (2001): 455-61.
Comparing the Palmgren-Miner linear damage rule and a nonlinear damage rule to experimental data 
from combination high and low cycled Ti-6Al-4V titanium alloy proves that the cycled alloy follows a 
nonlinear damage pattern. Comparison between Miner’s rule was performed twice, once with 
conventional fatigue life relationships and again with a damage fraction comparison.  !e damage 
fraction comparison reveals the behavior of the titanium is not linear, as Miner’s rule is.  From this it is 
obvious a nonlinear summation rule would be more appropriate.
Powell, Hawkyard, and Grabowski19   tested Ti-6Al-4V in combined high and low cycle fatigue with 
focus on crack growth.  Crack propagation was also discussed in Campbell et al. (2002).  How the 
combination of high and low cycle fatigue influences crack growth will affect the life of the specimen 
and therefore will affect the doctor and patient.
An electromagnetic vibrator with a servohydraulic fatigue machine was used to cyclically load a 
specimen.  After crack growth of 3.5mm (specimen size was 7x7mm) the specimen was cut and an 
optical microscope was used to determine actual crack size.  !e results of the testing demonstrate that 
combined high and low cycling reduces the ΔKth showing that LCF loading will increase the growth 
rate of cracks. 
Scope
!e research was split into three individual tasks.  !e first task focused on finding the acceleration of 
the impeller during various activities the body undergoes.  !e second task involved the simulation of 
the task one accelerations and measuring the forces on the impeller.  !e third and final task was a 
fatigue analysis involving finite element software.
Task 1: Using the assumption that the LVAD would be located at the body's center of gravity, the  
acceleration of the LVAD was estimated for a variety of activities using biomechanics and 
literature sources (included in the literature review subsection).  Suggested activities were 
everyday occurrences such as walking, climbing and descending a staircase, or riding in a car.  Other 
less common events such as a fall from standing, a roller-coaster ride, jumping on a trampoline, or a 
space shuttle launch were also considered to learn the limits of the LVAD.  !e actual observed 
activities were standing, walking, and running which encompass a range of magnitudes that the body 
feels during a typical day.
!e collected data was simplified as a low cycle time series, removing any high cycle repetitions.  Low 
cycle data is the high amplitude peaks within a time series which cause initial crack formation; low 
17
19 Powell, B.E., M. Hawkyard, L. Grabowski. “The Growth of Cracks in Ti-6Al-4V Plate Under 
Combined High and Low Cycle Fatigue.” International Journal of Fatigue 19 (1997): 167-76.
cycle peaks initiate fatigue features.  !e high cycle information is the noise between the low cycle 
peaks which increase the rate of crack propagation in the cracks caused by the cycle peaks (Figure 5).
Figure 5: Illustration of Low Cycle/High Cycle Time Series
Task 2: Once the acceleration of the LVAD impeller was found for several activities in task 1, a rig was 
designed to apply the specified accelerations to the impeller.  !e rig consisted of a simplified impeller, a 
shaft, and a pump inducer.  !e LVAD inducer contained a force gauge and a hammer mechanism was 
used to apply a force to the impeller in order to accelerate it into the shaft.  !e force gauge on the 
inducer signified when the impeller hit the inducer blades and relayed the force with which the impeller 
hit. 
A second option was a possibility to find the effect acceleration would have on the pump.  A Matlab 
dynamic model was being developed by Dr. Crassidis for the LVAD project.  !e Matlab dynamic 
model would have excluded the presence of fluid within the pump, creating a worst case situation 
for the contact between the impeller and inducer.   Since this option was not available at the time 
research began, the test rig was constructed instead.
Task 3: After completion of task two, COSMOSWorks was used to collect stress data on the inducer 
blade of the LVAD.   As in task one, a variety of scenarios were simulated.  Some considered scenarios 
were: the number of times the impeller could hit while walking, while falling, while using the stairs, 
riding in a car, or a simulation of a days activities of walking, falling, stairs, and riding in the car.   !ree 
scenarios modeled were once again standing, walking, and running.  Each simulation was performed 
until the LVAD inducer blades failed or until an acceptable number of cycles had been 
performed.  !is number of cycles was determined based on Task 2, which determined how much 
force the impeller applied to the inducer blades.  An estimated number, if contact were made once every 
minute, would be 10,512,000 cycles throughout the lifetime of the device, 20 years.  
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Outlined in the following pages are the methods that were used for each task described in the scope of 
the project followed by results, conclusions, and recommendations for future work in the area of 
mechanical fatigue in a magnetically levitated axial LVAD.  
Methods
Task 1
Literature was referenced to provide the acceleration data.  Ling Bao of the Massachusetts Institute of 
Technology provided “Physical Activity Recognition from Acceleration Data under Semi-Naturalistic 
Conditions.”20  Bao’s research supplied acceleration data at the lower and upper leg, lower and upper 
arm, and hip for twenty different day-to-day activities (e.g. standing, walking, running, ascending 
stairs, brushing teeth, etc.) 
Although the center of gravity (CG) of the body is located at the navel region of the abdomen7,8 due to 
the limited availability of Bao’s data, accelerations were taken at the hip to represent the acceleration of 
the LVAD which is located in the abdomen just below the diaphragm.  As shown prior in Figure 5 the 
relative locations of the LVAD placement within the abdomen, the navel, and the hip are within the 
same region and for the purposes of this experiment will be assumed to be in the same location.  !is 
assumption creates a worst-case scenario for the accelerations, as the hip provides none of the damping 
that internal organs would provide to the actual placement of the LVAD.
Twenty subjects participated in this test.  One subject was chosen for each activity to represent the 
population for this study.  All 20 time series were studied (one time series for each subject) for each 
activity, any abnormal plots were removed, and one plot that appears to best represent all the subjects 
was chosen.  !is single plot was then used for all analysis of that activity (Walking, Subject 4; 
Running, Subject 15).
Bao’s data provided a complex time series for each evaluated activity.  Each series consisted of low cycle 
and high cycle data.  !e low cycle information is the peaks within the spectrum which occur 
infrequently and at large amplitudes, and the high cycle data is all the information between the low 
cycle data,  the frequent small amplitude peaks.  Each step taken (during walking or running) consists 
of on low cycle peak and a section of high cycle stresses. Figure 6 illustrates the raw data of an 
19
20 Bao, Ling. (2003) “Physical Activity Recognition from Acceleration Data under Semi-
Naturalistic Conditions.” Master of Engineering thesis. Massachusetts Institute of Technology.
acceleration time series provided by Bao, the data was received at a rate of 76Hz.  !e low cycle data 
are the heel strikes as a subject walks (or runs), and heel strike to heel strike represents one step cycle.
Figure 6: Representation of High Cycle and Low Cycle Data within the entire Time Series
To simplify the data only the low cycle data was used for evaluation (Figure 7).  It is the low cycle 
stresses that will initiate fatigue (create cracks) while the high cycle stresses will then allow the fatigue 
damage to cause failure (cracks will grow until the component breaks).
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Figure 7: Low Cycle Data Time Series
Future work on this project will required the high cycle data to be included.  To work with the 
complete time series the Rainflow Method, ASTM-E1049, may be used to simplify the spectrum.  
ASTM-E104921  is a compilation of all cycle-counting procedures; the Rainflow Method is the most 
accepted technique.  Due to the repetitive nature of the observed activities, the Simplified Rainflow 
Counting for Repeating Histories technique would be used.  !e technique begins by defining the start 
20
21 Standard Practices for Cycle Counting in Fatigue Analysis.  ASTM Standard. 1985.
and end point of the history as either the highest or lowest points.  A comparison is then performed 
between X, the range under consideration, and Y, the previous range.  If X proves to be greater than Y, 
X is discarded and Y is used to define a cycle; if Y is greater than X one moves to the next range (Figure 
8).  At the completion of the Rainflow Method it can be started again until the time series is reduced to 
a single maximum peak or subsequently,  each defined cycle can then be used with Miner’s Rule to 
determine the life of the component.
Figure 8:  Rainflow Method Example
Bao’s acceleration data represents the acceleration of the pump in its entirety, once the body ceases 
motion the pump housing will continue to have a translational velocity causing the impeller to contact 
the inducer blade.  Using the data and assuming that the initial translational velocity of the impeller is 
zero, and knowing that the impeller can travel a distance of 0.2mm before contacting the LVAD 
inducer blade, the final velocity of the impeller at contact can be calculated as (Equation 1, Figure 
9,11):
Figure 9: Illustration of the Velocity of the Impeller
21
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v f = Final Velocity
vi = Initial Velocity = 0
a = Acceleration
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Equation 1: Acceleration to velocity equation
To validate the use of Equation 1 a comparison between the duration of each peak within the time 
series and the duration of time to travel the 0.2mm the impeller must move to make contact with the 
inducer blade was performed (Figure 10).  Using ten peaks at random from the time series plot the 
average peak length for walking was found to be 30.3ms, standard deviation of 6.5ms, and for running 
was 39.6ms, standard deviation 0.5ms.  
For comparison, an acceleration peak was modeled as a step function and integrated to a second order 
polynomial position plot.  With the equation of the second order polynomial the time to reach 0.2mm 
was calculated as 1.97ms.  !is time is for a more extreme case, having the shorter average time of 30.3 
ms and having the maximum acceleration documented of 102.61m/s2.
!e duration of the peak is therefore greater than the time it takes the impeller to make contact with 
the inducer blade and consequently Equation 1 is valid for this analysis.
22
 
Figure 10: Validation of Equation 1
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Figure 11: Plot Converted From Acceleration to Velocity
Task 2
!e test rig was designed using SolidWorks 2006, while actual part fabrication and assembly was 
performed at the Rochester Institute of Technology Machine Shop, the fabricated test rig was then 
used for the data collection of task 2  (Figure 12, Appendix A, B).  !e test rig has four main 
components: the hammer mechanism, the impeller, the inducer, and the force measurement tool.  !e 
hammer mechanism hits the impeller that contacts the inducer; by varying the speed of the hammer 
mechanism the different day to day activities can be modeled.  !e inducer was then connected to a 
force gauge which sends data to the computer program to be written to an Excel file. 
1 Base Plate 8 Bearing Mount
2 Actuator Risers 9 Shaft
3 Actuator 10 Fluid Container
4 Stand Leg 11 Inducer Blade
5 Linear Slides 12 Inducer Blade Mount
6 Motor 13 Force Gauge Mounts
7 Motor Mount 14 Force Gauge
Figure 12: !esis Rig Solid Model with Component Chart
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!e hammer mechanism was implemented with an Dyadic Systems Co., Ltd. SCN-5 actuator with a 
50mm stroke length, a velocity range of 1-450mm/s, and 16 independent programmable actions.  !is 
actuator was chosen as the hammer mechanism due to its low cost, velocity range, simple user 
interface, and because of the range of its programmability.  !e software, Termi-BUS Command 
Output Tool (Dyadic Systems Co., Ltd.) (Appendix C), accompanying the actuator provided the 
ability to zero (home) the actuator with the push of a button, visualize the motion of the actuator 
through the motion of bars, and to program up to 16 locations including position, velocity, and 
acceleration.  For the purpose of this experiment only 3 locations were programmed specifying position 
and velocity, location 1 is the home position, location 2 is just before the contact point with a velocity 
relating to the activity being evaluated, and location 3 is back to the home position (Figure 13).  !e 
actuator stopped applying a velocity to the shaft just before contact to allow the force to be a impulse 
force as it will be in the actual heart pump.
Figure 13: Illustration of Actuator Program of One Peak  Related to Velocity Time Series
!e impeller is modeled using a Light Flight RC ARC-20-34-130 brushless motor coupled to a shaft 
and mounted on Parker 3505-05 linear slides, this allows the motor to spin the shaft, as the impeller 
will be spinning in an actual heart pump, while the linear slides let the actuator force contact between 
the impeller and the inducer blade.
!e motor is run with a Castle Creations Phoenix 25 speed controller, a variable power supply, and a 
National Instruments SCC-68 connector block with a PCI-6221 data acquisition board.  !e data 
acquisition board is necessary to digitize the signal for use by the computer. !e motor is controlled 
through a LabVIEW 8.2 pulse width modulation computer program (Appendix C).  !e Pulse Width 
Modulation program was used to adjust the square wave required by the speed controller.  !e pulse 
width modulation user interface allowed for the adjustment of frequency and duty cycle, the frequency 
25
was set default to the 50Hz which was found to be the preferred frequency of remote control systems22 
while the adjustment of the duty cycle was one form of speed control (varying the voltage of the power 
supply was a second form of speed control). 
!e rotational speed of the shaft needed to match the rotational speed of the LVAD impeller 
(6000RPM) to as closely model the pump as possible.  A US Digital optical encoder was used to 
acquire the rotational speed of the shaft.  All measurements (Figure 14) were taken at a constant duty 
cycle of 0.0537 and were found to require a voltage of 5.3 to achieve the required 6000RPM speed 
requirement.
Motor Characterization
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Figure 14: Motor Characterization Plot
In addition to matching the speed of the LVAD impeller, the translating apparatus was designed to 
match the mass of the LVAD impeller.  Solidworks was employed to determine the mass of the current 
LVAD impeller (since no LVAD was available in the lab for actual measurement).  !is was done so 
that the forces applied to the model inducer blade would as closely mimc the actual forces on the 
inducer blade within the pump.  A separate SolidWorks analysis was done on the impeller and the tie 
bolt assembly housed within the impeller giving a total mass of 151.63grams (Figure 15).  !e final 
mass of the shaft assembly (assembly is defined to include the speed control, motor, motor mount, 
bearing mount, linear slides, bearings, and shaft) on the test rig was found to be about 150grams (Table 
1) 
26
22 SuperDroid Robots RC (Remote Control) Support Page. 2001. 21 March 2007 < 
http://superdroidrobots.com/product_info/RC.htm>.
  
Figure 15: SolidWorks Output of LVAD Impeller Mass including Mass Housed within Impeller (Tie Bolt)
Component Mass (approximate)
Phoenix 25 Speed Control 10 grams
Motor 40 grams
Motor Mount 37 grams
Bearing Mount 30 grams
Bearings 2 grams
Linear Slides (moving sections only) 20 grams 
Shaft 8 grams
Fasteners (8 2-56x6mm) 2 grams
Total 149 grams
Table 1: Shaft assembly mass calculation
!e inducer blade was placed within a holding fixture affixed within a plastic container submerged in 
fluid.  !e inducer blade of the test rig was an exact dimensional duplicate of a single blade from within 
the LVAD housing (of which there are 4 blades).  For the sake of money and machining time the first 
inducer blade was made from 6061 aluminum alloy as this blade will only be used to measure forces 
and no fatigue and wear effects will be observed.  Further in the study a Ti-6Al-4V (the titanium alloy 
of the LVAD) blade will be produced to observe any fatigue effects that may occur due to extended use 
(Task 3).
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A Kistler 9251A 3-component force sensor was mounted within the rig to measure all applied forces to 
the inducer blade.  !e force sensor was preloaded to 25kN and has a range of -2.5kN to 2.5kN in the 
x and y directions and a -5 to 5kN range in the z direction (Figure 16).  !e force sensor was 
connected to a Dual Mode Amplifier Type 5010 that converts the piezoelectric signal out of the sensor 
into a voltage that was then sent through the same National Instruments SCC-68 connector block into 
the PCI-6221 data acquisition board used for the motor setup.  !e data was then viewed in a 
LabVIEW 8.2 program (Appendix C).  Data from the force sensor was viewed real time graphically 
and was also saved numerically to an Excel file.  !e program was setup to receive data at a rate 10k for 
3 seconds for each file.  Since the output of the amplifiers was a voltage that needed to be converted to a 
proportional force, the conversion was dependent on the scale set on the amplifiers, all data in this 
research was collected at a scale of 10 Newtons per Volt due to the size of the force it was the 
minimum usable scale without overloading the amplifiers.
 
Figure 16: Coordinate System of Force Sensor
!e data imported to an Excel worksheet was plotted as velocity of impact versus force as measured by 
the gauge.  When the velocity of impact was zero the force measured on the gauge was zero therefore 
the linear regression was forced through the origin.  !is plot allows any activity within the range of 
collected data to be analyzed.
Task 3
COSMOSWorks is a companion program to SolidWorks that was used for finite element analysis.  
Finite element analysis is a computer simulation technique based on the finite element method.  
Stepping through finite element analysis there are three main stages: preprocessor, analysis, 
and visualization.
!e preprocessing phase is the defining of all parameters.  COSMOSWorks first requires the type of 
study to be specified, options include static, frequency, buckling, thermal, drop test, fatigue, and 
optimization.  For all work done in this research static and fatigue were the only studies conducted.  
Static studies require the definition of material properties, application of restraints and loads, and 
a mesh.  
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!e predefined titanium alloy Ti-6Al-4V was used with a custom defined S-N curve (required for 
fatigue analysis) (Figure 17).  !e S-N curve is illustrated for a stress ratio of R=-1, while this study 
was performed with a stress ratio of R=0 (Equation 2).  A stress ratio of R=-1 accounts for a mean 
stress of zero whereas a stress ratio of R=0 has a non-zero mean stress, to account for this difference 
post processing was required using the Haigh Diagram to find the equivalent mean stress for the R=0 
scenario to allow the use of the S-N curve to find fatigue life (further explained later).
!e S-N curve was used to define fatigue life as finite or infinite.  Infinite life was defined by the 
endurance limit. !e endurance limit, as shown on the S-N curve, is 590MPa at 107 cycles.  Any cyclic 
stress below the endurance limit will, in theory, not cause failure due to fatigue therefore if the applied 
stresses in this study are below 590MPa the inducer blade will have infinite life.
!e forming method and surface finish are two features that will cause differences in the S-N curve.  
!e current S-N curve used for analysis was for a hot or cold rolled rod of Ti-6Al-4V with a polished 
surface, a more rough surface (due to grinding etc.) will cause a decrease in the overall curve as well as 
cause the slope of the curve to increase.  As different pumps are manufactured in different ways as well 
as with different finishes this will affect results.
Equation 2: Stress Ratio Equation
Figure 17:  S-N curve for Ti-6Al-4V23
29
23 Leinenbach, Christian, and Dietmar Eifler. “Fatigue and Cyclic Deformation Behavior of Surface-Modified Titanium 
Alloys in Simulated Physiological Media.” Biomaterials 27 (2005): 1200-08.
Following the definition of material and geometry properties, constraints and loading features were 
input.  !e back face of the inducer blade was constrained in all degrees of freedom, DOF, (Figure 18).  
Within the LVAD the blade was machined out of the housing thereby holding it in all degrees of 
freedom.  On the top face of the inducer blade will be two loads.  One pressure into the face (normal) 
due to the impeller being pushed into contact and one shear due to the rotation of the impeller (Figure 
18).  !e values of these inputs were calculated with the force sensor data, scaled by a factor of 10 due 
to the amplifier settings, and applied to the area of the inducer blade (Equation 3):
Equation 3: Force to Pressure Equation
Figure 18: Restraint (green vectors) and Loading (red vectors) of the Inducer Blade
With the structure defined it was necessary to section it into smaller elements through meshing, this 
allows the computer to analyze the model based on the interconnected elements and their nodes.  
Meshing options within COSMOSWorks begins at the element shape.  !e shape of the element can 
be a linear solid element, (draft quality) which was represented as a tetrahedral with a node at 4 corners 
or a parabolic solid element, (high quality) which was represented as a tetrahedral with a node at 4 
corners, 6 mid-side nodes, and 6 edges (Figure 19)24.  
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Figure 19: Example of Linear Solid Element (Left) and a Parabolic Solid Element (Right)
A high quality mesh was chosen for the parabolic solids ability to yield higher mathematical 
approximations and conform more accurately to the curved surface23.  In addition to the element shape 
the meshing scheme can be set as Voronoi-Delaunay (standard) or Advancing Front (alternate).  !e 
alternate meshing scheme is a stunted standard scheme, step one of the Voronoi-Delaunay meshing 
scheme is to create a triangular mesh boundary and one technique for doing so is with an advancing 
front method23.  !e standard meshing scheme is recommended for all cases with the alternate only 
being used if the standard meshing scheme fails.  A Voronoi-Delaunay mesh is produced first with the 
boundary tetrahedrons being created, then the interior elements are placed, and still refinement must 
be done on the mesh to repair misplaced and malformed elements (e.g. slivers).  One final mesh setting 
was the Jacobian check.  Depending on the amount of distortion in each element the Jacobian check 
may need to be increased, this increases the number of integration points within each element which 
increases the number of points checked for distortion and a negative Jacobian ratio.  SolidWorks 
automatically adjusts each element for a passing Jacobian ratio.  !is study was conducted with the use 
of a parabolic solid element meshed with the standard Voronoi-Delaunay meshing scheme and 4 
points within the Jacobian check.
Within a static study an adaptive method can be chosen, either the h-method or the p-method.  !e h-
method places extra elements in sections of high error while the p-method increases the order of the 
elements by increasing the number of mid-side nodes within areas of high error.  !e p-method is not 
valid for this study due to multiple pressures being applied to one face.  !e back edge of figure 20 
shows the effect the h-method has on the mesh, when no adaptive method is chosen the initial mesh 
remains constant throughout the analysis; with the h-method in place the mesh adapts to the analysis 
and becomes denser towards the are of higher error.
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Figure 20: H-Method initial mesh and final mesh
!e mesh allows the computer to perform an analysis on the component.  COSMOSWorks allows for 
three types of solvers: one direct solver, Direct Sparse, and two iterative solvers, FFE and FFEPlus.  
Options available with each solver are: use inplane effect, use soft spring to stabilize model, and use 
inertial relief.  !e inplane effect accounts for the change in material stiffness due to compress and 
tensile forces, the soft spring option implements stabilization to an instable model, and inertial relief 
applies an equal but opposite force to balance external loading.  Due to the number of DOF, and the 
application of force the FFEPlus iterative solver was chosen with the inplane effect option23. 
!e FFEPlus solver with inplane effect and an h-method adaptive standard mesh caused the software 
to cycle through: preliminary computation, establish stiffness matrix, precondition, and iteration; the 
second half of the cycle is then performed due to the preconditioned conjugate gradient parameters 
(PCG) (Figure 21).
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Figure 21: Flow chart of FFEPlus solver with inplane effects
!e FFEPlus solution to the static study allowed a fatigue analysis to be performed.  !e fatigue 
analysis can be defined as constant amplitude or variable amplitude.  A constant amplitude analysis was 
done based on the previously defined static study.  !e constant amplitude was defined based on the 
acceleration data received from Bao and the data received from the test rig.  
In addition to selecting a constant amplitude event the stress ratio and number of cycles are defined.  
Both mentioned previously, the stress ratio is zero and the cycle number is 10 million.  
!e yield strength (1.05x103 MPa) was used to define failure due to Ti-6Al-4V being a ductile 
material.  !e Von Mises Criterion (Equation 4) was used as the failure method within 
COSMOSWorks, the Von Mises Criterion states that when the distortion strain energy exceeds the 
yield stress, failure occurs within the specimen. !e alternative was the Maximum Principal Stress 
!eory (Equation 5).  
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Equation 5: Maximum Principal Stress !eory
A variety of geometries were analyzed to test for the simplest model for further investigation.  A simple 
model will decrease computational time while allowing for the most accurate results (allow a finer 
mesh).  !e first model was the inducer blade mounted to a base plate with a fillet.  !e model was 
meshed with the h-adaptive method which maximizes the number of elements around the fillet (Figure 
22a, 23a), running a finite element static study provides a maximum stress of 34.77MPa for the 
inducer blade in this setup (Figure 24a).  Another model was run as the inducer blade mounted to a 
base plate, with no fillet this time (Figure 22b, 23b).  Again the elements focus around the base of the 
inducer blade (Figure 22b, 23b) and this study provides a maximum Von Mises stress of 42.18MPa 
(Figure 24b).  !e simplest of the models run was the inducer blade alone, as with the previous tests 
the elements focused at the mounting of the inducer blade (Figure 22c, 23c).  !e Von Mises stress was 
more conservative than the previous studies at 46.39MPa (Figure 24c).  !is final model was used for 
all future analysis due to its simple geometry and its conservative bias.
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Figure 22: Base Plate with Fillet Mesh, Base Plate with no Fillet Mesh, No Base Plate Mesh
  
Figure 23: Highly Zoomed View of Mesh Adaptation
     
Figure 24: Contours of Von Mises Stress shown for three cases: Base Plate with Fillet Plot, Base Plate with 
No Fillet Plot, No Base Plate Plot
To verify the computer model a manual calculation was performed for one loading and compared to 
the COSMOSWorks output (Figure 25).  !e calculation results were -29.85MPa for the maximum 
compressive stress and 28.38MPa for the maximum tensile stress, these results agree with the 
COSMOSWorks outputs of -33.88MPa and 29.04MPa for the compressive and tensile stresses 
respectively.  For the purpose of simplicity in the hand calculation the shape of the inducer blade was 
simplified by removing all curved edges creating a rectangular cross section. !e calculation also did 
not include transverse shear effects as they were expected to be small. 
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Figure 25: Manual Calculation for Computer Model Validation
As mentioned previously, the Haigh Diagram was required to adjust the stress values for use with the 
S-N curve (Figure 26).   !e Goodman Model is described as a line connecting the endurance strength 
(y-axis) to the tensile strength (x-axis).  !e Goodman Model is a line of constant life, in this study it 
represents 107 cycles,  any point occurring on or above the line signifies failure, below the line is safe.  
With the Goodman Model illustrated the actual loading state was placed on the plot using the 
alternating and mean stresses calculated based on the Von Mises stress acquired from the 
COMSOSWorks model, then, using these points and the Goodman Equation the stress state was 
adjusted to a zero mean stress state  (Figure 27, Equation 6).   Moving the mean stress from a non-zero 
value to zero does not change the fatigue life.
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Figure 26: Goodman Model
Figure 27: Goodman Model Illustrating Equivalent Stress
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Equation 6:  Adjustment to Stress State with Zero-Mean Stress Equation, Goodman Equation
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!e final analysis would involve the use of Miner’s Rule (Equation 7).  Miner’s Rule is a summation of 
ratios comparing the number of cycles applied at a specified stress level to the total number of cycles to 
failure at that given stress level.  !is is a cumulative damage technique which provides the output of 
accumulated damage, where damage equal to one will result in part failure.  
€ 
D =
ni
Nii=1
k
∑
D = AccumulatedDamage
ni = Number of Cycles Applied at Stress Level i
Ni = Number of CyclesRequired to Failure at Stress Level i
Equation 7: Miner’s Rule
Due to the small stresses present in this analysis Miner’s Rule proved unnecessary.  All the stresses fall 
far below the endurance limit at 107 cycles, therefore each peak will cause less than 1 x 107 damage; or a 
damage fraction of 10-7.   !is damage fraction is over estimated.  With steel, which has a well defined 
endurance limit, Ni  would be defined as infinity therefore the accumulated damage would be zero.  
Because titanium has no defined endurance limit  and the S-N curve is only taken out to 107 cycles Ni  
has to be defined as 107 , if an endurance limit could have been defined Ni  could be increased therefore 
decreasing the accumulated damage and increasing the life of the part.
If the stresses in this analysis were above the 107 endurance limit then Miner’s Rule would provide 
useful information about the cumulative damage to the inducer blade.    !e final analysis of this study 
would remain the same but with the addition of Miner’s Rule and the possibility of the conclusion of 
failure and less than 20 years of service possible with this heart pump under that assigned stresses.
Results
Task 1
Plots of raw accelerations and peaks of  each  cycle of raw accelerations are compared below (Figures 
28, 29).  !e low cycle plots are the highest peaks of each cycle removed from the raw acceleration 
plots, this highest peak represents the heal strike of a single step.  !e simplified low cycle plots are 
used for the rest of the analysis in task 3.
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 Figure 28: Walking Acceleration Time Series
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Figure 29: Running Acceleration Time Series
Peaks of each cycle of the raw acceleration and velocities at impact are compared below.  !e relative 
magnitudes between walking and running remains the same. (Figures 30, 31, Summarized below in 
Table 2,  and Appendix D).
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Figure 30: Walking Velocity Time Series
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Figure 31: Running Velocity Time Series
Task 2
!e test rig provided data that were fitted to two separate logarithmic regressions, one for the shear 
force, due to the rotation of shaft, and one for the normal force due to the actuator. !e regression 
equations are shown in Figure 32.  A logarithmic regression was chosen for this specific range of data 
as the best fit.  !is fit may not work below 50mm/s, as the regression will need to cross through the 
origin (no velocity= no force), the regression may not work above 300mm/s  as the regression will 
begin to level out and the increased velocity will always cause an increased force.
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Figure 32: Plot of peak forces measured in Task 2 test rig
Using the velocity time series (summarized below in Table 2) with the equations developed from the 
test rig data the shear and normal forces for the specific activities are calculated and are found below.  
!e relative magnitudes still remain the same (Figures 33, 34, Summarized below in Table 2, and 
Appendix D).
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Figure 33: Walking Force Time Series
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Figure 34: Running Force Time Series
Stress on the inducer blade is found utilizing equation 3 along with the forces in Appendix C and 
knowledge that the surface area of the inducer blade is 9.032 x106 m2 (Figures 35, 36, Summarized 
below in Table 2 , and Appendix D).  
Figure 35: Walking Von Mises Stress Contour
Figure 36: Running Von Mises Stress Contour
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Task 3
Goodman is then used to adjust the Von Mises stresses with a non-zero mean stress to stresses with a 
zero mean stress, allowing the use of the S-N curve that is provided (Table 2, Appendix D).
Acceleration (m/s2)
Walking 45.61
Running 64.33
Velocity (mm/s)
Walking 135.07
Running 160.41
Shear Force (N) Normal Force (N)
Walking 2.70 6.66
Running 3.25 7.35
Shear Stress (MPa) Normal Stress (MPa)
Walking 0.30 0.74
Running 0.36 0.81
Von Mises Stress (MPa)
Walking 26.63
Running 39.07
Goodman Fatigue Strength (MPa)
Walking 13.49
Running 19.92
Table 2: Sample Data from Task 1 through Task 3
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Discussion 
Following the task 1 collection of acceleration data the information was recalculated as velocities and 
used within the task 2 test rig.  !e test rig used a spinning shaft to model the pump impeller, and 
contained an inducer blade mounted to a force gauge.  A velocity was given to the spinning shaft 
through a programmable actuator.  !e shaft then made contact with the inducer blade and the force 
gauge relayed the force data to an Excel spreadsheet.  !e results from the test rig were plotted and 
applied to the finite element analysis.  !e analysis involving both the normal and shear forces was run 
for 10 million cycles. From this analysis the conclusion that the inducer blade will survive all tested 
activities for 20 years is made, because of stresses well below the material’s limit as defined by the S-N 
curve and a factor of safety above one.  !is research was conducted as a conservative study modeling 
worst-case scenarios.  !e accelerations were measured at the hip and not within the abdomen, the 
fluid within the rig does not accurately represent the blood that is within the LVAD, the failure 
criterion is based on all principal stresses, and no control system was incorporated into the study. 
Task 1
Bao’s data is the foundation of this study.  !e acceleration time series supplied by Bao’s paper led to 
the final stress values used for the finite element fatigue analysis.  Directly, the acceleration time series 
were used for the calculation of the velocity of the impeller at the time of impact with the inducer 
blade.  !e results show that while standing still the impeller may contact the inducer blade with a 
velocity of about 150mm/s, running increases this impact velocity to about 193mm/s.  As expected a 
more vigorous activity will cause a more violent impact, however this will not cause failure as discussed 
in task 3.
 Bao’s data was collected at the hip; although these accelerations are similar to the accelerations of the 
true placement of the LVAD there are differences.  One main difference will be the viscoelasticity of 
the internal organs surrounding the LVADs placement within the abdomen.  !e internal organs will 
provide a sort of cushioning likely decreasing the accelerations felt by the LVAD.  !e decrease in 
acceleration will decrease the stresses.  !e future work of this study will include more accurate 
accelerations.
Task 2
!e test rig built for task 2 was used to obtain the correlation between the velocity of the impeller at 
impact with the inducer blade (found in task 1) and the force felt by the inducer blade due to that 
impact.  A test rig was built due to the complexity of the normal force, the shear force, and the fluid 
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interaction of the blood flowing through the pump (modeled as water in the test rig).  !e data 
collected from the test rig was fit with a logarithmic relationship.   !is relationship supports the 
conclusion of task 1 that a more vigorous activity will cause a more violent impact.
!e force data was easily changed to stress data and the highest resulting Von Mises stresses were 
found to be below 50MPa.  !is is far below the assumed endurance limit of 590MPa.  !is implies 
that the inducer blade will not fail; the inducer blade will have infinite life.
!e fluid used in the test rig was conservative.  Water was used where blood would be in the actual 
LVAD (between the impeller and inducer blade).  !e water has a slightly lower viscosity (8.9 x 104 
Pa-s) than blood (~10.197 x 104 Pa-s).  !e higher viscosity of blood will provide more resistance on 
the impeller as it accelerates towards the inducer blade.  !is will reduce the velocity at impact, 
therefore decreasing the normal stress applied on the inducer blade.  However,  the increased viscosity 
of blood may also increase the shear stress on the inducer blade.  Due to the decrease of normal stress 
and the increase in shear stress a second empirical test will need to be run with the blood viscosity.
Applying conditions similar to those in the body may affect the fatigue rate.  Applying an increased 
temperature (98.6oF), as well as replacing the water with  human blood would better model the 
possibly corrosive environment found within the human body, a corrosive environment can be 
frequency dependent and nothing in this study has yet accounted for that.  !e corrosive environment 
can cause frequency dependence because as the cracks are opened and closed due to loading the 
corrosive materials may, or may not, get a chance to get into the crack and cause further damage; the 
length of time and amount the crack is opened will affect the rate at which the crack grows.  !e warm 
salty environment may cause defect formation, affect crack propagation and will influence failure.
A control system will be utilized within the heart pump to keep the impeller spinning in the center of 
the housing.  !e control system should prevent contact between the impeller and inducer blade but in 
extreme circumstances the controls system may momentarily lose control and allow impact. Even in the 
case of impact the control system should reduce the velocity of the impeller as it strikes the inducer 
blade.  Contact should be rare because of the control system, yet the control system was eliminated 
from this study to allow for a worst-case scenario to be analyzed.  With the control system in place the 
stresses should decrease. 
!e control system should also remove oscillation of the impeller if contact occurs.  Without the 
control system if contact occurs the impeller may begin to bounce back and forth among inducer 
blades, which could increase the number of cycles applied to each inducer blade, as well as the distance 
the impeller has to travel (0.4mm from top to bottom versus the 0.2mm from center to top) which will 
affect the acceleration of the impeller.  !e control system in place will decrease stresses.
45
Other factors that could influence the stresses are the size and geometry of the inducer blade.  By 
decreasing the thickness of the blade the stresses will increase.  Changing any piece of geometry could 
increase or decrease the stresses and only further testing will tell whether the new geometry will make 
the part more or less safe.
Adjusting the fluid within the test rig, the environment of the test rig, as well as incorporating a control 
system, and making any necessary size and geometry adjustments will all be included in the future 
work of this project.
Task 3
To implement the S-N curve the data set needed to be adjusted for the different loading ratios as well 
as material type and formation which can both affect the endurance limit.  !e data set had a ratio of 
zero while the S-N curve was at R=-1.  !e Goodman Equation was used to find the equivalent stress.  
!e S-N curve was then used to find the number of cycles to failure at each peak stress magnitude.  
With such small stresses present (<50MPa) all peaks resulted in approximately infinite life making the 
implementation of Miner’s Rule to determine if the inducer blade would fail unnecessary.  !e small 
stresses cause such little damage individually that the cumulative damage is still not noteworthy.  
Future work on this pump, or other pumps may require the use of Miner’s Rule, as materials, finishes, 
geometry, and dimensions change the stresses may increase to magnitudes of significance.  Using 
Miner’s Rule with the current stresses allows for 1000000 walking steps (30peaks in 30 seconds) or, 
11.5 days of non-stop walking.
Although no damage is apparent through this analysis, a laboratory fatigue test should be performed.  
!is test will show any wear on the inducer blade that could affect its performance within the pump.  
Crack propagation can be observed as well as any unexpected fracture which could force a fracture 
mechanics analysis to be performed on the inducer blade.
Conclusion 
Past use of LVADs has been short term; the current design under development is expected to last 20 
years.  !is increase in life span makes fatigue of thin features contained within the LVAD a concern. 
To test for fatigue the acceleration of the abdomen is found for several daily activities (walking, 
running).  !e design of a test rig correlates the accelerations to stresses; these stresses are then applied 
to a solid model within finite element software. 
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!is study was performed to test the most susceptible component of this LVAD, the inducer blades, to 
fatigue failure.  Within this particular heart pump the blades will survive 10 million cycles of the 
magnitude of the force caused by running, since it can survive these running forces it will also survive 
forces of laying, sitting, standing, and walking. !is result shows that a LVAD can, in terms of fatigue, 
be run for 20 years without failure.  With destination therapy being the goal of current LVAD 
development this fact supports that possibility and encourages  further development and future use of 
this pump.  
!e acceleration study shows the activities of  walking, and running produce complex time series 
ranging up to 10g’s.  !e correlation between force and acceleration, found through the experimental 
test rig, is logarithmic.  Both the shear force and the normal force have significant components, and are 
nearly equal in magnitude making them both important factors in the study.  !e low stresses, in 
comparison to the material endurance limit show that the current material, geometry, and dimensions 
are acceptable for this component for the tested activities.  
!is study was performed due to fatigue being the most common cause of mechanical failure 
documented by engineers3 the setup was designed to mimic worst-case scenarios within an LVAD and 
proved the possibility of survival under fatigue conditions.  With this data all pumps intended for long 
term use should still do similar analysis incorporating their most susceptible fatigue component and 
expected stresses.  !e positive results from this research are encouraging for the change in LVAD use 
from a short term bridge-to-transplant therapy to a long term destination therapy.
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Appendix A – Test Rig Drawings
1 Base Plate 8 Bearing Mount
2 Actuator Risers 9 Shaft
3 Actuator 10 Fluid Container
4 Stand Leg 11 Inducer Blade
5 Linear Slides 12 Inducer Blade Mount
6 Motor 13 Force Gauge Mounts
7 Motor Mount 14 Force Gauge
Figure A.1: !esis Rig Solid Model with Component Chart
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A.2 Base Plate Drawing
A.3 Riser Back Drawing
50
A.4 Riser Front Drawing
A.5 Shaft Drawing
51
A.6 Bearing Mount Drawing
A.7 Motor Mount Drawing
52
A.8 Stand Leg Drawing
A.9 Inducer Blade Drawing
53
A.10 Left Inducer Blade Holder Drawing
A.11 Right Inducer Blade Holder Drawing
54
A.12 Front Force Gauge Mounting Block Drawing
A.13 Back Force Gauge Mounting Block Drawing
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Appendix B – Bill of Materials
 Part Number / Website Description Quantity
     
Motor
ARC-20-34-130
http://www.lightflightrc.com
RC Brushless lightweight motor (39g) with 
25Amp speed controller 1
Phoenix 25
http://www.lightflightrc.com RC Brushless Speed Controller 1
 Fasteners    
91251A103
http://www.mcmaster.com
Cap head screws to hold inducer setup together 
(2-56) (3/4") 1
92196A085
http://www.mcmaster.com
Cap head screws to hold inducer setup to 
mounting block (2-56) (9/16")  
91251A148
http://www.mcmaster.com
Cap head screws to hold bearing mount to 
motor mount (6-32) (1/2") 1
91251A062
http://www.mcmaster.com
Cap head screws to hold motor mount to slide 
(2-56)(5/16") 1
 
Cap head screws to hold bearing mount to slide 
(2-56)(5/16")
Same as cap head screws to hold motor mount 
to slide
 
Cap head screws to hold linear slides to stand leg 
(2-56)(5/16")
Same as cap head screws to hold motor mount 
to slide
91290A101
http://www.mcmaster.com
Cap head screws to hold motor to motor mount 
(2.5mm)(6mm) 1
91251A351
http://www.mcmaster.com
Cap head screws to hold actuator mounts to 
base plate (10-32)(1 1/2") 1
91251A542
http://www.mcmaster.com
Cap head screws to hold force gauge mount to 
base plate (1/4-20)(1") 1
 
Cap head screws to hold stand leg to base plate
(1/4-20)(1")
Same as cap head screws to hold force gauge mount 
to base plate
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Stock Metal    
8975K334
http://www.mcmaster.com Al6061 for base plate 1
8975K741
http://www.mcmaster.com Al6061 for stand leg 1
 
Al6061 for actuator risers
Same as Al6061 for stand leg
6750K131
http://www.mcmaster.com Al6061 for shaft 1
8982K364
http://www.mcmaster.com Al6061 for motor mount 1
 
Al6061 for bearing mount
Same as Al6061 for motor mount
89055K331
http://www.mcmaster.com Ti-6Al-4V for shaft 1
9039K19
http://www.mcmaster.com Ti-6Al-4V for impeller blade 1
Miscellaneous    
6203K92
http://www.mcmaster.com Linear Slide 2
57155K305
http://www.mcmaster.com Ball Bearing 2
Bead Organizer
http://www.acmoore.com/ Plastic Fluid Container 1
Actuator    
Actuator
http://automation4less.com SCN5-010-050AS03-NA, 50mm stroke 1
Cable
http://automation4less.com   1
PC kit
http://automation4less.com   1
Bracket
http://automation4less.com   1
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Appendix C – Software
  
   
Figure C.1: Actuator User Interface
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Figure C.2: LabVIEW Pulse Width Modulation User Interface
Figure: C.3: Pulse Width Modulation LabVIEW Block Diagram25
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25 LabVIEW
Figure C.4: Lab VIEW Force Sensor User Interface
Figure: C.5: Force Sensor LabVIEW Block Diagram
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Appendix D- Summary Tables
61
Velocity at Impact (mm/s)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Walking 135.07 145.43 131.70 145.08 141.99 136.26
Running 160.41 195.64 187.39 194.81 202.60 197.59
Peak 7 Peak 8 Peak 9 Peak 10 Peak 11 Peak 12
Walking 134.10 119.58 128.54 122.93 141.83 129.93
Running 183.10 179.63 162.11 195.64 187.39 194.81
Peak 13 Peak 14 Peak 15 Peak 16 Peak 17 Peak 18
Walking 129.91 132.63 129.19 141.77 155.99 131.41
Running 202.60 197.59 183.10 179.63 162.11 195.64
Peak 19 Peak 20 Peak 21 Peak 22 Peak 23 Peak 24
Walking 156.73 155.66 132.76 129.51 129.80 139.72
Running 187.39 194.81 202.60 197.59 183.10 179.63
Peak 25 Peak 26 Peak 27 Peak 28 Peak 29 Peak 30
Walking 127.23 125.13 112.73 115.38 124.10 129.67
Running 162.11 195.64 187.39 194.81 202.60 197.59
Peak 31 Peak 32 Peak 33 Peak 34 Peak 35 Peak 36
Walking - - - - - -
Running 182.99 179.63 160.41 195.64 187.39 194.81
Peak 37 Peak 38 Peak 39 Peak 40 Peak 41 Peak 42
Walking - - - - - -
Running 202.60 197.59 183.10 179.63 160.41 195.64
Peak 43 Peak 44 Peak 45 Peak 46 Peak 47
Walking - - - - -
Running 187.39 194.81 202.60 197.59 183.10
Table D.1: Velocity at Impact Summary
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Normal Force (N)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Walking 6.66 6.96 6.56 6.95 6.86 6.70
Running 7.35 8.14 7.97 8.28 8.18 7.88 7.80 7.35 8.148.13 8.28 8.18
Peak 7 Peak 8 Peak 9 Peak 10 Peak 11 Peak 12
Walking 6.63 6.17 6.46 6.28 6.86 6.51
Running 7.88 7.80 7.39 8.14 7.97 8.13
Peak 13 Peak 14 Peak 15 Peak 16 Peak 17 Peak 18
Walking 6.50 6.59 6.48 6.85 7.24 6.55
Running 8.28 8.18 7.88 7.80 7.39 8.14
Peak 19 Peak 20 Peak 21 Peak 22 Peak 23 Peak 24
Walking 7.26 7.23 6.59 6.49 6.50 6.80
Running 7.97 8.13 8.28 8.18 7.88 7.80
Peak 25 Peak 26 Peak 27 Peak 28 Peak 29 Peak 30
Walking 6.42 6.35 5.94 6.03 6.32 6.50
Running 7.39 8.14 7.97 8.13 8.28 8.18
Peak 31 Peak 32 Peak 33 Peak 34 Peak 35 Peak 36
Walking - - - - - -
Running 7.88 7.80 7.35 8.14 7.97 8.13
Peak 37 Peak 38 Peak 39 Peak 40 Peak 41 Peak 42
Walking - - - - - -
Running 8.28 8.18 7.88 7.80 7.35 8.14
Peak 43 Peak 44 Peak 45 Peak 46 Peak 47
Walking - - - - -
Running 7.97 8.13 8.28 8.18 7.88
Table D.2: Normal Force at Impact Summary
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Shear Force (N)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Walking 2.70 2.94 2.62 2.93 2.86 2.73
Running 3.25 3.89 3.75 3.88 4.00 3.92
Peak 7 Peak 8 Peak 9 Peak 10 Peak 11 Peak 12
Walking 2.68 2.31 2.55 2.40 2.86 2.58
Running 3.68 3.62 3.29 3.89 3.75 3.88
Peak 13 Peak 14 Peak 15 Peak 16 Peak 17 Peak 18
Walking 2.58 2.65 2.56 2.86 3.16 2.62
Running 4.00 3.92 3.68 3.62 3.29 3.89
Peak 19 Peak 20 Peak 21 Peak 22 Peak 23 Peak 24
Walking 3.18 3.16 2.65 2.57 2.58 2.81
Running 3.75 3.88 4.00 3.92 3.68 3.62
Peak 25 Peak 26 Peak 27 Peak 28 Peak 29 Peak 30
Walking 2.51 2.46 2.13 2.20 2.43 2.57
Running 3.29 3.89 3.75 3.88 4.00 3.92
Peak 31 Peak 32 Peak 33 Peak 34 Peak 35 Peak 36
Walking - - - - - -
Running 3.68 3.62 3.25 3.89 3.75 3.88
Peak 37 Peak 38 Peak 39 Peak 40 Peak 41 Peak 42
Walking - - - - - -
Running 4.00 3.92 3.68 3.62 3.25 3.89
Peak 43 Peak 44 Peak 45 Peak 46 Peak 47
Walking - - - - -
Running 3.75 3.88 4.00 3.92 3.68
Table D.3: Shear Force at Impact Summary
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COSMOSWorks Input Normal Stress (MPa)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Walking 0.74 0.77 0.73 0.77 0.76 0.74
Running 0.81 0.90 0.88 0.90 0.92 0.91
Peak 7 Peak 8 Peak 9 Peak 10 Peak 11 Peak 12
Walking 0.73 0.68 0.72 0.70 0.76 0.72
Running 0.87 0.86 0.82 0.90 0.88 0.90
Peak 13 Peak 14 Peak 15 Peak 16 Peak 17 Peak 18
Walking 0.72 0.73 0.72 0.76 0.80 0.73
Running 0.92 0.91 0.87 0.86 0.82 0.90
Peak 19 Peak 20 Peak 21 Peak 22 Peak 23 Peak 24
Walking 0.80 0.80 0.73 0.72 0.72 0.75
Running 0.88 0.90 0.92 0.91 0.87 0.86
Peak 25 Peak 26 Peak 27 Peak 28 Peak 29 Peak 30
Walking 0.71 0.70 0.66 0.67 0.70 0.72
Running 0.82 0.90 0.88 0.90 0.92 0.91
Peak 31 Peak 32 Peak 33 Peak 34 Peak 35 Peak 36
Walking - - - - - -
Running 0.87 0.86 0.81 0.90 0.88 0.90
Peak 37 Peak 38 Peak 39 Peak 40 Peak 41 Peak 42
Walking - - - - - -
Running 0.92 0.91 0.87 0.86 0.81 0.90
Peak 43 Peak 44 Peak 45 Peak 46 Peak 47
Walking - - - - -
Running 0.88 0.90 0.92 0.91 0.87
Table D.4: Normal Stress at Impact Summary
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COSMOSWorks Input Shear Stress (MPa)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Walking 0.30 0.33 0.29 0.32 0.32 0.30
Running 0.36 0.43 0.42 0.43 0.44 0.43
Peak 7 Peak 8 Peak 9 Peak 10 Peak 11 Peak 12
Walking 0.30 0.26 0.28 0.27 0.32 0.29
Running 0.41 0.40 0.36 0.43 0.42 0.43
Peak 13 Peak 14 Peak 15 Peak 16 Peak 17 Peak 18
Walking 0.29 0.29 0.28 0.32 0.35 0.29
Running 0.44 0.43 0.41 0.40 0.36 0.43
Peak 19 Peak 20 Peak 21 Peak 22 Peak 23 Peak 24
Walking 0.35 0.35 0.29 0.28 0.29 0.31
Running 0.42 0.43 0.44 0.43 0.41 0.40
Peak 25 Peak 26 Peak 27 Peak 28 Peak 29 Peak 30
Walking 0.28 0.27 0.24 0.24 0.27 0.28
Running 0.36 0.43 0.42 0.43 0.44 0.43
Peak 31 Peak 32 Peak 33 Peak 34 Peak 35 Peak 36
Walking - - - - - -
Running 0.41 0.40 0.36 0.43 0.42 0.43
Peak 37 Peak 38 Peak 39 Peak 40 Peak 41 Peak 42
Walking - - - - - -
Running 0.44 0.43 0.41 0.40 0.36 0.43
Peak 43 Peak 44 Peak 45 Peak 46 Peak 47
Walking - - - - -
Running 0.42 0.43 0.44 0.43 0.41
Table D.5: Shear Stress at Impact Summary
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COSMOSWorks Output Von Mises Stress (MPa)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Walking 26.63 28.91 25.85 28.83 28.17 26.90
Running 39.07 46.55 44.92 46.39 47.87 46.92
Peak 7 Peak 8 Peak 9 Peak 10 Peak 11 Peak 12
Walking 26.41 22.89 25.10 23.74 28.13 25.44
Running 44.05 43.34 39.47 46.55 44.92 46.39
Peak 13 Peak 14 Peak 15 Peak 16 Peak 17 Peak 18
Walking 31.21 31.00 26.10 25.34 25.41 27.67
Running 47.87 46.92 44.05 43.34 39.47 46.55
Peak 19 Peak 20 Peak 21 Peak 22 Peak 23 Peak 24
Walking 31.21 31.00 26.10 25.34 25.41 27.67
Running 44.92 46.39 47.87 46.92 44.05 43.34
Peak 25 Peak 26 Peak 27 Peak 28 Peak 29 Peak 30
Walking 24.79 24.28 21.07 21.79 24.03 25.38
Running 39.47 46.55 44.92 46.39 47.87 46.92
Peak 31 Peak 32 Peak 33 Peak 34 Peak 35 Peak 36
Walking - - - - - -
Running 44.03 43.34 39.07 46.55 44.92 44.92
Peak 37 Peak 38 Peak 39 Peak 40 Peak 41 Peak 42
Walking - - - - - -
Running 47.87 46.92 44.05 43.34 39.07 46.55
Peak 43 Peak 44 Peak 45 Peak 46 Peak 47
Walking - - - - -
Running 44.92 46.39 47.87 46.92 44.05
Table D.6: Von Mises Stress at Impact Summary
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Goodman Zero Mean Adjusted Stress (MPa)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
Walking 13.49 14.66 13.09 14.62 14.28 13.63
Running 19.92 23.82 22.97 23.73 24.51 24.01
Peak 7 Peak 8 Peak 9 Peak 10 Peak 11 Peak 12
Walking 13.38 11.57 12.71 12.01 14.26 12.88
Running 22.51 22.14 20.12 23.82 22.97 23.73
Peak 13 Peak 14 Peak 15 Peak 16 Peak 17 Peak 18
Walking 12.92 13.20 12.79 14.26 15.77 13.06
Running 24.51 24.01 22.51 22.14 20.12 23.82
Peak 19 Peak 20 Peak 21 Peak 22 Peak 23 Peak 24
Walking 15.85 15.74 13.22 12.83 12.87 14.03
Running 22.97 23.73 24.51 24.01 22.51 22.14
Peak 25 Peak 26 Peak 27 Peak 28 Peak 29 Peak 30
Walking 12.55 12.29 10.64 11.01 12.16 12.85
Running 20.12 23.82 22.97 23.73 24.51 24.01
Peak 31 Peak 32 Peak 33 Peak 34 Peak 35 Peak 36
Walking - - - - - -
Running 22.50 22.14 19.92 23.82 22.97 22.97
Peak 37 Peak 38 Peak 39 Peak 40 Peak 41 Peak 42
Walking - - - - - -
Running 24.51 24.01 22.51 22.14 19.92 23.82
Peak 43 Peak 44 Peak 45 Peak 46 Peak 47
Walking - - - - -
Running 22.97 23.73 24.51 24.01 22.51
Table D.7: Goodman Modified Stresses
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Appendix E – FEA Details
Property Description Value Units
EX Elastic modulus 1.0480021e+005 MPa
NUXY Poisson’s ratio 0.31 NA
GXY Shear modulus 4.1023807e+004 MPa
DENS Mass density 4428.784 kg/m3
SIGXT Tensile strength 8.2737088e+002 MPa
SIGXC Compressive strength MPa
SIGYLD Yield strength 1.05e+003 MPa
ALPX !ermal expansion coefficient 9e-006 1/Kelvin
KX !ermal conductivity 6.7 W/(mK)
C Specific heat 586.04 J/(kgK)
Table E.1: Ti-6Al-4V Material Properties
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